ABSTRACT Most insect transmitted pathogens interact with the midgut of their vectors for infection and, in some cases, development. Therefore, molecules associated with the midgut epithelium in direct contact with pathogens may be potential targets of infection-blocking measures. Here, we identify midgut-speciÞc protein antigens from Aedes aegypti (L.) using monoclonal antibodies. Sixty-four monoclonal antibodies were generated with reactivity to the mosquito midgut, Þve of which are reported in this article. Three monoclonal antibodies identiÞed protein antigens localized at the midgut epithelial surface (the brush border) and the peritrophic membrane. In addition, two monoclonal antibodies recognized mosquito nucleus-speciÞc proteins by immunoßuorescence microscopy. Because potential target antigens for blocking transmission of pathogens most likely are located at the interface of mosquito-pathogen interactions, these monoclonal antibodies could provide valuable tools for studying midgut-speciÞc proteins and interactions of the mosquito midgut with pathogens.
MOSQUITOES ARE MAJOR vectors transmitting a variety of arthropod-borne pathogens (Beaty and Marquardt 1996) . Anopheline mosquitoes transmit human malaria, which continues to be a health problem of catastrophic global proportions (Bruno et al. 1997) , and Aedes aegypti (L.) is the primary vector of dengue and yellow fever viruses. In the complex pathogen transmission process, the midgut of the mosquito plays an important role in susceptibility to infection. Therefore, understanding the interactions of the insect midgut molecules with the ingested pathogens may lead to novel disease control strategies by modifying mosquito vector competence. However, such interactions are poorly understood, and midgut molecules involved in the infection process have yet to be identiÞed.
In addition to the importance of the mosquito midgut in determining vector competence, the midgut plays essential roles in physiological processes, serving as the primary site for blood digestion and nutrient absorption (Clements 1992) . Therefore, the midgut of mosquitoes has been considered the prime target for developing midgut-antigen-based vaccines to control both vector insects and the pathogens they transmit (Jacobs-Lorena and Lemos 1995, Willadsen and Billingsley 1996) . In fact, a midgut protein from the parasitic tick Boophilus microplus (Canestrini) has been used successfully to vaccinate cattle against tick infestation (Rand et al. 1989 . Additionally, midgut peritrophic membrane proteins from the blowßy Lucilia cuprina (Wiedemann) have been used effectively to vaccinate sheep for the control of the sheep blowßy (East et al. 1993 , Elvin et al. 1996 , Casu et al. 1997 . Moreover, the ingestion of anti-mosquito-midgut antibodies by anopheline mosquitoes has been shown to suppress the development of malaria parasites in the mosquito (Ramasamy et al. 1990 , Lal et al. 1994 , Srikrishnaraj et al. 1995 . These studies suggest that midgut proteins could be potential antigen candidates for development of vaccines against vector insects and insect transmitted pathogens. The antigens localized at the midgut epithelial surface, or the brush border, are especially attractive antigen candidates, because they are involved in important physiological functions and are in direct contact with the pathogens in the midgut. However, such speciÞc antigens from mosquitoes have yet to be identiÞed.
The avian malaria parasite Plasmodium gallinaceum, which develops well in Ae. aegypt, is related closely to the human malaria parasite P. falciparum. Therefore, Ae. aegypti and P. gallinaceum have been used as a model system for studies of mosquito/Plasmodium parasite interactions (Shahabuddin et al. 1993 , Shahabuddin and Pimenta 1998 , Vinetz et al. 2000 , Zieler et al. 2000 . In the current article, we used Ae. aegypti female adults to study midgut-speciÞc antigens, especially the protein antigens that are localized at the midgut brush border, where Plasmodium and other pathogens initially interact with the mosquito cells. In nature, mosquito transmitted pathogens are acquired by mosquitoes via a blood meal. Blood ingestion results in drastic changes in midgut physiology and Plasmodium develops from gametocytes to ookinetes within the blood meal. Therefore, midgut antigens from blood fed mosquitoes should represent important target antigens in this pathogen-mosquito model. Herein, we report the development of monoclonal antibodies using plasma membranes from the Ae. aegypti midgut epithelium and the localization of midgut-speciÞc protein antigens using monoclonal antibodies.
Materials and Methods
Mosquito Rearing. Larvae of Ae. aegypti, Liverpool Black Eye strain, were fed Þnely ground TetraMin Þsh food (Blacksburg, VA). Adult females were maintained at 26ЊC with 80% RH and fed a 30% solution of Karo dark corn syrup (CPC, Englewood, NJ).
Preparation of Midgut Antigens. At 1 wk after emergence, females were fed on a chicken for 20 min and then dissected after 24 h to isolate the midgut for antigen preparation. Mosquitoes were dissected in phosphate buffered saline (PBS) on ice, and the midgut epithelium was separated from other tissues and the food bolus which was ensheathed by the peritrophic membrane (PM). The isolated midgut tissue was rinsed thoroughly with ice-cold PBS.
To enrich antigens at the midgut epithelial surface, midgut cell plasma membranes were prepared by the procedure described by Ozols (1990) with modiÞca-tions. Brießy, midgut tissues from Ϸ1,000 mosquitoes were homogenized in 0.l ml buffer (10 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 , 0.25 M sucrose) on ice with a Wheaton micro tissue grinder (Wheaton ScientiÞc, Millville, NJ), followed by the addition of 0.4 ml buffer. The homogenate was centrifuged at 200 g for 2 min and the supernatant collected. The pellet was resuspended in 0.1 ml buffer and homogenized again, followed by mixing with an additional 0.1 ml of buffer, and centrifugation at 200 g for 2 min. The supernatants from the two centrifugations were combined and subjected to ultracentrifugation over a discontinuous sucrose gradient (10 and 40% sucrose in 10 mM Tris-HCl, pH 7.5, 1 mM MgCl 2 ) at 73,000 ϫ g for 1 h. After ultracentrifugation, the fraction at the interface between 10 and 40% sucrose layers was collected and diluted in 10 mM Tris-HCl, pH 7.5. Plasma membranes were recovered from the suspension by centrifugation at 73,000 ϫ g for 30 min. All procedures were performed at 0 Ð 4ЊC. Protein content of the preparation was quantiÞed using BCA Protein Assay Reagents from Pierce (Rockford, IL) with bovine serum albumin (BSA) as standards.
Preparation of Monoclonal Antibodies. A 6-wk-old female Balb/c mouse was immunized by subcutaneous injection of 0.2 ml of midgut plasma membrane preparation containing 40 g proteins emulsiÞed in RIBI adjuvant (RIBI Immunochem Research, Hamilton, MT). A second injection of the same antigen preparation was given to the mouse at 21 d after the initial immunization. At 5 d after the second immunization, mouse serum showed positive reactivity to Ae. aegypti midgut tissue by immunoßuorescence microscopy of whole mount midgut samples (see below for method). A Þnal boost immunization was performed at 14 d after the second immunization by intravenous injection of 0.2 ml of the midgut antigen preparation containing 40 g of proteins.
At 3 d after the Þnal immunization, the mouse was killed and its spleen isolated. Fusion of the splenocytes with myeloma cells was performed using the polyethylene glycol (PEG) method, followed by selection of hybridoma cells in a hypoxanthine-thymidine-aminopterin (HAT) supplemented medium (Harlow and Lane 1988) . Brießy, mouse splenocytes were prepared by disruption of the spleen, followed by repeated washing of released splenocytes with DelbeccoÕs modiÞed Eagle medium (DMEM) (Biowhittaker, Walkersville, MD). The splenocytes were fused with myeloma cells SP 2/0 using polyethylene glycol (PEG), and the resulting hybridoma cells were selected in DMEM medium supplemented with 10% NCTC 109 medium, 20% fetal bovine serum (FBS), 1 ϫ HAT (0.1 mM hypoxanthine, 16 M aminopterin, 0.4 M thymidine), and antibiotics (100 U/ml penicillin, 100 g/ml streptomycin and 0.25 g/ml fungizone) from Biowhittaker (Walkersville, MD). Hybridoma cells were maintained in a medium the same as the selection medium except that aminopterin was not included. Cloning of the hybridoma cells was conducted following a limiting dilution procedure (Liddle and Cryer 1990 ) using 96-well cell culture plates.
Immunofluorescence Microscopy. Immunoßuores-cence assay of whole mount mosquito midgut samples was used to screen hybridoma cell lines for monoclonal antibodies reacting to the mosquito midgut. Dissected midgut tissues from adult female Ae. Aegypti at 24 h after blood feeding were Þxed with 4% paraformaldehyde in PBS at 4ЊC, and air dried to allow adherence to a poly-lysine coated slide. The tissues were permeabilized with 50% methanol-50% acetone. To identify monoclonal antibodies reacting to the midgut, midgut tissues were treated with 8% BSA, 2% goat serum, and 0.1% Tween-20 in PBS at room temperature for 1 h to block nonspeciÞc binding sites and subsequently were incubated with supernatants from hybridoma cell cultures at room temperature for 1 h. After incubation with the culture supernatants, followed by washing three times with PBS, the midgut tissues were incubated with a goat anti-mouse-immunoglobulin/Rhodamine conjugate (Southern Biotechnology Association, Birmingham, AL) at room temperature for one additional hour. Slides were then washed three times with PBS and mounted with Vectashield Mounting Medium (Vector Laboratories, Burlingame, CA). Reactions were observed under a Leitz Ortholux II ßuorescence microscope to identify hybridoma cell lines that produced anti-midgut monoclonal antibodies.
Immunoßuorescence microscopy of mosquito sections was employed to localize midgut-speciÞc anti-gens. Abdomens from female mosquitoes were collected at 24 h after blood feeding and Þxed in 4% paraformaldehyde at 4ЊC overnight. The Þxed abdomen samples were washed with PBS, dehydrated with ethanol, and embedded in LR White resin (London Resin Company, Berkshire, England). Mosquito abdomen cross sections of 1-m thickness were probed with the monoclonal antibodies as described above.
Western Blot Analysis of Mosquito Antigens. Mosquito midgut epithelium and PMs were isolated from female adults at 24 h after blood feeding and rinsed three times with ice cold PBS. Mosquito carcasses with the midgut removed also were prepared from blood fed female mosquitoes. Midgut tissues isolated from nonblood fed female mosquitoes and chicken blood were included in the samples for Western blot analyses. Sample were prepared on ice. Tissue samples were homogenized, boiled in SDS-PAGE sample buffer (Laemmli 1970 ) for 5 min, and then loaded onto an SDS-PAGE gradient gel (4%Ð20%) followed by electrophoresis. The proteins separated by SDS-PAGE were blotted onto Immobilon-P transfer membrane (Millipore, Bedford, MA), and the blots were incubated with culture supernatants from individual hybridoma cell lines after blocking with 3% BSA. The binding of monoclonal antibodies to the blots were detected with an anti-mouse-immunoglobulin/alkaline phosphatase conjugate and followed with an alkaline phosphatase speciÞc colorimetric reaction.
Detection of Carbohydrate Epitopes. Carbohydrate epitopes recognized by monoclonal antibodies were analyzed following the methods of Woodward et al. (1985) . Brießy, mosquito midgut proteins were separated by SDS-PAGE and then blotted onto transfer membranes as described above for Western blot analysis. After incubation in 0.05% Tween-20 for 30 min, blots were cut into strips and pairs of adjacent strips were used for controls and experimental samples. After rinsing with 50 mM sodium acetate buffer (pH 4.5), the experimental strips were incubated with 20 mM sodium periodate in 50 mM sodium acetate buffer (pH 4.5) in the dark at room temperature for 1 h; control strips were incubated in the pH 4.5 buffer without sodium periodate under the same conditions. Both control and experimental strips then were rinsed with the sodium acetate buffer followed by incubation in 50 mM borohydride prepared in PBS for 30 min at room temperature. After three washings of the strips with PBS, detection of antigens on the strips by the monoclonal antibodies were the same as described above for Western blot analysis.
Typing of Monoclonal Antibodies. The isotypes of the monoclonal antibodies were determined using a monoclonal antibody typing kit from The Binding Site (Birmingham, England), and the monoclonal antibody classes and subclasses were identiÞed by immunodiffusion assays with immunoglobulin isotype speciÞc antibodies by following the instructions provided by the manufacturer.
Results
Hybridoma Cell Lines Secreting Antibodies Reacting to Mosquito Midgut Antigens. Immunoßuores-cence microscopy of the mosquito midgut tissue probed with culture supernatants from 800 independent hybridoma cell lines showed that 64 lines produced monoclonal antibodies positively reacting to mosquito midgut tissue. Twenty-three of these 64 monoclonal antibodies reacted with denatured mosquito proteins by Western blot analysis. Based on the antibody binding patterns on the midgut tissue by immunomicroscopy and the distinct antigen protein proÞles by Western blot analysis, Þve representative monoclonal antibodies were used to further characterize the biochemical properties and the cellular localization of the antigens. These monoclonal antibodies were named A28B, F3C, I13D, J32C, and L18A. One of the monoclonal antibodies, F3C, was in the class IgM. The four remaining monoclonal antibodies were in the class IgG, but belonged to different subclasses. Monoclonal antibodies I13D and J32C were in subclass IgG1, whereas A28B was in subclass IgG2a and L18A was in subclass IgG3.
Localization of Midgut-Specific Antigens Using Monoclonal Antibodies. Midgut speciÞc antigens were localized by immunoßuorescence microscopy of the mosquito abdomen crossÐsections using the monoclonal antibodies. All Þve monoclonal antibodies recognized antigens in the midgut epithelium ( Figs. 1 and  2 ). Based on cellular localization, the recognized mosquito antigens were divided into midgut-speciÞc proteins and cell nuclear proteins.
Monoclonal antibodies A28B, I13D, and J32C recognized speciÞc antigens at the midgut luminal surface, staining the entire brush border of the midgut (Fig. 1) . These antibodies also stained one side of the PM facing the ecto-peritrophic space. Monoclonal antibodies F3C and L18A detected the nuclei of the midgut epithelial cells as well as the nuclei of other tissues (i.e., epidermis and hemocytes) (Fig. 2) . Fluorescence microscopy indicated that these antigens were restricted to the nuclear envelope or its neighboring subcellular structures.
Biochemical Characterization of the Antigens Identified by Monoclonal Antibodies. To further conÞrm the tissue or cellular speciÞc localization of the antigens determined by ßuorescence microscopy, Western blot analysis was used to analyze proteins from isolated mosquito tissues. In general, the speciÞc proteins identiÞed by these monoclonal antibodies were abundant in the midgut, limited in other tissue sources, and similarly present in both blood-fed and nonblood-fed control mosquitoes (Figs. 3 and 4) .
Proteins identiÞed by monoclonal antibodies A28B, I13D, and J32C were restricted to the midgut tissue and the PM (Fig. 3) . They were detected in the midgut from both blood-fed and nonblood-fed mosquitoes, indicating that the antigen synthesis was not induced by ingestion of blood. However, the protein proÞles from blood-fed and nonblood-fed mosquitoes were not identical on the Western blots (lanes 2 and 3, Fig. 3 ). In addition, the midgut-speciÞc proteins identiÞed by antibodies A28B, I13D, and J32C showed similar protein proÞles by Western blot analysis, although the protein proÞles by each antibody were slightly different from each other (Fig. 3) . Interestingly, the proteins identiÞed from the PM by the antibodies A28B, I13D, and J32C were not identical to those from the midgut tissue, despite the fact that midgut tissue presumably synthesized and secreted PM constituents (lanes 4 and 5, Fig. 3 ). For instance, all three antibodies recognized double protein bands Ϸ36 kDa from the PM; however, these two protein bands were absent in the midgut tissues from both blood-fed and nonblood-fed mosquitoes.
The proteins recognized by F3C and L18A were simple in composition compared with the midgutspeciÞc proteins identiÞed by A28B, I13D, and J32C. The protein detected by F3C presented as a single band at a molecular weight slightly above 6 kDa and was found in both blood-fed and nonblood-fed mosquito midgut tissues (Fig. 4a) . The antibody L18A detected a major protein band similar to the protein identiÞed by F3C. Additionally, the antibody L18A recognized proteins from the mosquito carcass sample that displayed a multiple band pattern differing from that of the midgut tissues (Fig. 4b) . Neither F3C nor L18A detected proteins from the PM (lane 4, Fig. 4) , which was consistent with immunolocalization of the antigens in tissue sections (Fig. 2) .
To determine carbohydrate epitopes recognized by the monoclonal antibodies, the midgut proteins on a Western blot were treated by periodate oxidation, followed by probing with the monoclonal antibodies. Periodate oxidation completely destroyed the antigenicity of the mosquito proteins to monoclonal antibody I13D, indicating the carbohydrate nature of the epitopes on the proteins recognized by I13D. However, the same treatment did not diminish reactions of the other monoclonal antibodies for their protein antigens.
Discussion
Monoclonal antibodies were generated to the Ae. aegypti midgut using midgut epithelial plasma membranes as the immunogen. These monoclonal antibodies presented various speciÞcities to the mosquito antigens and recognized midgut-speciÞc proteins. Using monoclonal antibodies A28B, I13D, and J32C, we successfully detected midgut brush border-speciÞc protein antigens from mosquitoes. These brush borderspeciÞc proteins covered the entire midgut luminal surface, and their localization was restricted to the microvilliated brush border of the midgut epithelium. Midgut microvilli are in close contact with and could be structurally incorporated into the PM (Peters 1992) . Therefore, it was not surprising that these brush border-speciÞc antigens also were detected on the ecto-peritrophic side of the PM.
Although proteins identiÞed by monoclonal antibodies A28B, I13D, and J32C were localized strictly at the midgut brush border and on one side of the PM, these proteins appeared as multiple protein bands by Western blot analysis. This phenomenon was not surprising for monoclonal antibody reactions to speciÞc antigens in organisms. Similar observations were reported widely for monoclonal antibodies generated with a variety of immunogens (Figueroa et al. 1990 , OÕDonoghue et al. 1990 , Fry et al. 1994 . For example, monoclonal antibodies generated with L. cuprina midgut antigens similarly detected multiple proteins from the midgut (Fry et al. 1994) . The reactions to multiple protein bands could result from posttranslational modiÞcation of proteins, proteolytic degradation of proteins, or genuine epitope polymorphism (Campbell 1984) . It is known that insect midgut proteins may be glycosylated extensively (Wang and Granados 1997) , and posttranslational modiÞcation of proteins, which may alter apparent molecular weight of proteins on SDS-PAGE gels, could be one reason for the multiple bands of the antigens. Moreover, only I13D reacted to a carbohydrate epitope on the proteins, but the protein bands recognized by I13D were similar to antibodies A28B and J32C. Therefore, the possibility that a common carbohydrate epitope from different proteins resulted in the multiple positive protein bands recognized by A28B and J32C may be excluded. Considering that the midgut lumen is extremely rich in digestive enzymes, a certain degree of naturally occurring protein degradation in the midgut is expected. This also could contribute to the appearance of multiple protein bands on a Western blot and might explain the differences in protein proÞles on Western blots between the midgut and PM samples.
Monoclonal antibodies F3C and L18A were neither tissue nor cell type speciÞc by immunoßuorescence microscopy, but rather appeared to be nucleus speciÞc. However, Western blot analysis showed that the speciÞc proteins primarily were composed of a 6 kDa protein from the midgut. Surprisingly, such a protein was not detected by Western blot from the midgutremoved mosquito carcass despite positive antigens being detected in tissues other than the midgut by immunoßuorescence microscopy. Similar observations have been reported in the literature by Fry et al. (1994) . The monoclonal antibody MG4E9, which was made against the midgut of the L. cuprina, strongly reacted with the salivary gland and midgut proteins by Western blot analysis. However, the same monoclonal antibody recognized only the midgut but not the salivary gland by immunohistochemical staining. Furthermore, monoclonal antibodies TX9E and TX9 made with midgut antigens recognized proteins from the midgut, the hindgut, the crop and the salivary gland by Western blot analysis, but did not show reactivity to any of the L. cuprina tissues by immunohistochemical staining. Protein antigens on Western blots were denatured by SDS, and disulÞde bonds were reduced by ␤-mercaptoethanol. However, the antigens presented in the sections were paraformaldehyde Þxed. Differences in antigen treatment can result in signiÞcant differences in antigenicity. However, a satisfactory explanation for the phenomenon we observed in this study has yet to be revealed. In addition to the 6-kDa midgut protein, the monoclonal antibody L18A also showed a weak reaction to multiple protein bands from the mosquito carcass and two chicken blood proteins at 10 kDa. However, F3C did not show any detectable reaction to chicken blood proteins. This demonstrated that monoclonal antibodies F3C and L18A reacted to different epitopes, although they both apparently recognized the 6-kDa protein from the midgut tissue.
Aedes aegypti is a vector of important human and animal diseases (Leake 1992, Kaslow and Welburn 1996) . The midgut brush border is the primary site interfacing with the malaria parasite (Zieler et al. 1999) ; however, the molecules involved in such interactions at the midgut brush border are poorly understood. Using monoclonal antibodies, we localized mosquito midgut brush border-speciÞc protein antigens. In mosquitoes, the midgut brush border is in direct contact with pathogens during initiation of pathogen infection. Therefore, further identiÞcation and biochemical characterization of the brush borderspeciÞc proteins will lead to a better understanding of the midgut-pathogen interactions and, consequently, to the identiÞcation of molecules critically involved in the infection process. Our results showed that the monoclonal antibodies A28B, I13D, and J32C could cover the entire surface of the midgut brush border by reacting to the brush border-speciÞc proteins. This indicates that these brush border-speciÞc antibodies potentially may interfere with pathogen transmission directly by blocking the brush border membranepathogen interaction, or indirectly by altering the mosquito physiology through binding of antibodies to the brush border membrane. Therefore, the brush border -peciÞc proteins could be potential vaccine candidates for the control of mosquito transmitted diseases, although this possibility has yet to be examined.
In addition to interacting with various pathogens, the midgut brush border is actively involved in secretion of digestive enzymes, formation of the PM, and absorption of nutrients. However, the understanding of the biochemistry and molecular organization of insect midgut brush borders is limited. Brush borderspeciÞc monoclonal antibodies that we report in the current article have provided useful tools for identiÞcation of protein constituents in the midgut brush border. Further study of these proteins may provide useful information on the structure and function of the midgut.
